M
ICROANGIOGRAPHIC studies of the internal vascular pattern of the human brain can be performed by general or segmental injection of the larger surface vessels with radiopaques, and recorded by either contact or projection x-ray microscopy. 7,s Such microangiograms show the cortical branches of the larger cerebral arterie~ breaking up into small surface or epicerebral vessels, and the cortical arteries proper that penetrate the cortex (Fig. 1 ).* On following the cortical arteries into the cortex of a gyrus, they are seen to form a palisade of vessels that supplies the cortical capillary bed (Fig. 2) . Longer transcerebral vessels traverse the cortex and on entering the subjacent white matter form a cascade of * See "Method and Material" section at the end of this report. vessels that terminates in the periventricular plexus. Although it is common practice to call these vessels cortical arteries, they are more correctly viewed as a palisade of regulatory arterioles since the diameter of most ranges between 30 to 70 ~.
Differential injection of these cortical vessels with Chromopaques or colored radiopaques permits differentiation of the cortical arteries and veins, and illustrates the difference in their branching pattern (Fig. 3) . Here the graceful division of the arteries distinguishes them from the veins with their right-angled junctions. On first impression these arteries are single vessels, but their true complexity, barely discernible here, will later become apparent.
A modification 2 of the Gomori 5 stain for alkaline phosphatase activity, involving a prolonged incubation and the production of a lead rather than a cobalt salt, gives a more complete picture of the fine vessels than does the injection method. The histochemistry involved adds some interesting information about the relative phosphatase activity of the different vessels; thus, a microphotograph shows that the more active and therefore darker stained cortical arteries can be effectively differentiated from the less active, paler cortical veins (Fig. 4) . The enzyme is assumed to play a role in active transport across the vessel wail. Such preparations emphasize the existence of a horizontal vascular organization deep in the cortex, in addition to the well-known vertical one.
Because lead is a heavy metal that is markedly absorbent of x-rays, such alkaline phosphatase preparations produce a good xray image. An x-ray micrograph (Fig. 5 ) of the area shown in Fig. 4 emphasizes the difference between the cortical arteries and veins, and the vertical and horizontal pattern of vessels in the cortex. The major vessels supplying the cortex are disposed vertically to the gyral surface, those of the largest caliber serving the deeper layers. The deeper layers are characterized by an extensive horizontal network of smaller distributing and collecting vessels. Horizontal vessels appear in Layer III among the large pyramidal cells, but the greatest number occur in Layers IV and V, with a few in Layer VI. This is apparently related to the greater number and size of the neurons found in Layers IV and V, which presumably require a major system of vessels to supply their capillary bed.
As already seen, the branching angle of the cortical arteries and veins provides a criterion for their differentiation. Material stained with alkaline phosphatase shows the same features, but the intensity of the phosphatase reaction still further differentiates the two kinds of vessel. In Fig. 6 compare the darker staining of the gracefully forking cortical artery with the palely stained horizontal vein that flares slightly in a blunt, right-angled junction as it joins a larger vertical vein.
The branches of cortical arteries tend to leave the parent vessel at an acute angle, and sweep into the surrounding tissue with a graceful curve. The greatest curving is seen in the upper cortical layers, where it is often so marked that the cortical arteries have been likened to a candelabra or grapnel. ( Fig. 7) . These course toward the gyral surface.
Examination of the capillary bed of Layer I reveals the purpose of these recurrent arterioles, for the capillaries of this layer are apparently fed almost entirely by recurrent vessels from lower levels (Fig. 8) . The same figure gives some idea of the frequency of these recurrent branches. The length of arteriole interposed between the pial circulation and the cortical capillary bed may be related to pressure gradients.
Some arterioles appear to run directly to Layer I, but even these course for some distance, or eventually dip deeper, before breaking up into capillaries (Fig. 9) .
What appears as a single cortical artery at low power, is often resolved at higher power into a vascular complex composed of arteriolar groupings, pairings, and spiralings. One of the most striking examples we have encountered of a cortical artery that is in reality a multiple leash of parallel and twisting arterioles is shown in Fig. 10 . At least 25 arterioles can be counted, and others are probably obscured. This is also a good illustration of the degree of alkaline phosphatase activity distinguishing a cortical artery from a vein. Less extreme pairing and grouping of the cortical arterioles is more typical, and is encountered with surprising frequency (Fig.  11) .
Such groupings of arterioles often show marked twisting. Arterioles of a similar size may be twisted together, or smaller ones may spiral about a larger parent vessel (Fig.  12) . It has been suggested 9 that such an arrangement might constitute a branching set of viscous resistances in parallel, and that this twisting plays a role in pulse damping and pressure drop proportional to the rate of flow.
The continuity of the cortical capillary bed is well shown by the alkaline phosphatase technique, and in human material we find that the intensity of the phosphatase reaction falls off at the venous end of the capillary bed, the subsequent collecting venules often being so pale that they are difficult to see (Fig. 13) . This confirms what has been seen by Bannister and Romanul 1 in the rat brain. Sometimes it is possible to trace a route from arteriole to venule, and in the instances we have so far observed the connecting route seems to pass through complex narrow channels or true capillaries. We have not as yet observed vessels corresponding to Zweifach's 11 original description of thoroughfare channels, although the illustrations of Hasegawa, et al., ~ suggest that such channels run directly from arterioles to venules with some frequency. Low-power views sometimes give the impression of direct arteriovenous bridges or preferential channels, but most of these that we have examined under high power show no continuity, and prove to be illusory or caused by superimposition (Fig. 14) .
The existence of any consistent spatial organization within the cortical capillary bed is difficult to prove or disprove. The mesh pattern of the capillary bed usually appears to be haphazard, particularly when cut in the tangential plane, as on the left of Fig. 15 , but we have noticed a vertical emphasis in some regions. In the cross (vertical) section of a gyrus, shown at the right of Fig. 15 , this vertical emphasis of the capillary bed appears in the deeper layers, corresponding approximately to the horizontal arterioles. In other sections, which cut the vertical components of the cortex at a different point in their three-dimensional arc, the vertical emphasis may be more obvious at a higher or lower Ievel. It is interesting to note the avascular cylinders of tissue about the larger vertical vessels seen in both the tangential and vertical sections of Fig. 15 , and in Fig. 4 .
The acid phosphatase activity of neurons has been effectively used to demonstrate nerve cells 3 and their cortical lamination and vertical columns. Figure 16 shows the lamination and columns with a few injected cortical vessels interposed. Such preparations have made it possible to determine the cortical levels at which the vascular features being described occur. 2 Figure 17 shows a number of vertical columns of small and large neurons with their dendrites, stained by a modification 2 of the Gomori technique 4 for their acid phosphatase activity. Prolongation of the incubation time of the acid phosphatase technique produces sufficient accumulation of lead suIfide in the neurons to give an x-ray image. The x-ray micrograph of a transected human gyrus in Fig. 18 demonstrates the vertical and columnar organization of the cortical neurons.
Sequential incubations for both acid and alkaline phosphatase activity, followed by x- ray microscopy, make it possible to obtain a radiograph of the columns of nerve cells and the blood vessels in the same preparation, as well as individual features of nerve cells. Figure 19 shows the cell columns lying obliquely, and an axonal process can be traced down a cell column and related to a nearby horizontal cortical vessel. Figure 20 shows that these combined preparations are making it possible to study, at quite high powers, the morphological relations of neurons and capillaries, by either optical microscopy (left) or x-ray microscopy (right). Such studies are providing a much needed structural background for the measurement of oxygen tension in tissue and the visualization of diffusion fields, 1~ as well as a better understanding of blood flow in the cerebral microcirculation.
Material and Method
Injected material described in this study w a s drawn from a collection of approximately 100 human brains ranging in age from newborn to 90 years, on which microangiography has been performed in this laboratory. The injection medium was either Micropaque or Chromopaque. The 19 human brains on which phosphatase staining experiments were done ranged from 7~A fetal months to 90 years in age, two-thirds of these being over 50 years. The pre-and post-central gyri were chosen for staining, so examples shown represent either sensory or motor cortex. Throughout, microradiographs have been printed black with white detail, and microphotographs white with black detail.
Sllllllllary
X-ray microangiography, performed by differential injection with radiopaques, demonstrated the pattern of epicerebral, transcerebral, and cortical blood vessels in the human brain. Cortical arteries and veins could be differentiated by x-ray and optical microscopy after staining with lead for alkaline phosphatase activity. The vertical and horizontal organization of these vessels is described in relation to cortical lamination. Pairing and spiraling of arterioles of the penetrating vessels are considered in relation to functional implications. The pattern and phosphatase activity of the capillary bed is described. Lead staining for the acid phosphatase neuronal activity, alone or in combination with alkaline phosphatase stain for blood vessels, provides a technique where neuronal features can be examined in relation to the cerebral vascular pattern both on optical and x-ray microscopy.
